Secondary metabolites, including flavonoids have diverse functions. These compounds are important for a plant's survival and reproductive fitness although the activity of many of these metabolites remains unknown. Molecular phylogenies from several plant families have been used in an attempt to map the distribution of major secondary metabolites distinctive to specific plant families.
The distributions of these compounds are sometimes consistent with phylogenetic patterns and their occurrences often reflect specific environmental adaptations [1] . Many plant systematists continue to classify genera using morphology, anatomy and even reproductive cycles, while modern chromosomal and DNA analyses generally provide the most accurate classifications. This study supports the view that plant secondary metabolites, while in no way diminishing the necessity of molecular data, can be used as a supplemental phytochemical reference for complex modern taxonomic alignments and revisions.
Silphium L. (family Asteraceae, tribe Heliantheae, subtribe Engelmanniinae) is a North American genus consisting of approximately 12 species [2] . During the early nineteenth century, Carl Linnaeus assigned the name Silphium in reference to the resinous-like exudates that members of this genus release when damaged [3] . In 1933, Small revised the Silphium genus into five sections Composita, Dentata, Integrifolia, Laciniata and Perfoliata and characterized 33 species using morphological data [4] . A few years later, Perry (1937) reduced the genus to 23 species. In reviewing her personal notes regarding Silphium, Perry concluded, "Too often in this genus a single specimen or two or three plants will appear to have distinctive characters which, as a matter of fact, break down in a good series of representative material" [5] .
In the past few decades, taxonomists have again turned their attention to this complex genus. In 1977, Stuessy removed several genera from the subtribe Melampodinnae adding them to the subtribe Engelmanniinae [6] . In 1980, Cronquist in his text Vascular Flora of the Southern United States further revised the genus to 15 species and in 1989, Medley added the species Silphium wasiotense to the genus based upon populations discovered near woodland outcroppings in Kentucky and Tennessee [7, 8] .
Medley later grouped this new species with S. brachiatum and S. mohrii, which Clevinger inferred would therefore place it in section Dentata [6, 8] . The most recent revisions to the genus were conducted by Clevinger and Panero, whose phylogenetic analysis of data collected from the Internal Transcribed Spacer (ITS) and External Transcribed Spacer (ETS) regions of nuclear ribosomal DNA were used to construct a molecular-based phylogeny for the Silphium [9] . Their chloroplast DNA analysis along with previous morphological cladistic data supported Silphium's placement in the subtribe Engelmanniinae. However, Clevinger and Panero's molecular data did not support recognition of Small's five sections; instead their studies supported lumping Dentata, Integrifolia and Perfoliata into Section Silphium, and Composita and Laciniata into Section Composita. The recognition of these two sections was further supported by morphology whereas, Section Silphium has fibrous roots and caulscent growth, and Section Composita has tap roots and scapiform growth. Figure 1 shows Clevinger and Panero's strict consensus tree for Silphium based on ITS and ETS DNA sequence data [6] . Clevinger incorporated this molecular phylogeny into her treatment of Silphium for the Flora of North America [2] .
Silphium, like most other genera in the Asteraceae, is characterized by its diverse chemistry, including flavonoids [10, 11] , phenolic acids [12] , essential oils [13] , sesquiterpenes [14, 15] and diterpenes [16] . In addition, Silphium species also contain an abundance of oleanolic-type triterpene saponins [17] [18] [19] [20] [21] [22] [23] [24] . Our research group conducted one of the first investigations of flavonoids from Silphium perfoliatum, which resulted in the discovery of two apiose-containing kaempferol triosides and nine known flavonoids [10] . Two additional, novel apiose-containing and six known flavonol glycosides were later isolated from S. albiflorum and were further characterized through LC-MS with postcolumn manganese complexation [25] .
Wojcinska and Drost-Karbowska [26] conducted a detailed study on the phenolic acids of Silphium perfoliatum flowers. A further LC-MS analysis of the phenolic acid chemistry of Silphium showed the presence of large amounts of hydroxycinnamic acids; specifically, p-coumaric, hydrocaffeic and isoferulic acids were the most abundant phenolics found in Silphium [11] . Recently, Valant-Vetschera and Wollenweber [27] and Wollenweber and Roitman [28] examined exudate flavonoid diversity in members of the Asteraceae, including Silphium. Their analysis of S. laciniatum resulted in the detection of several flavonoid aglycones including derivatives of kaempferol, quercetin, quercetagetin, eriodictyol and two flavonoid glycosides: kaemperfol 3-glucoside, quercetin 3-glucoside. S. terebinthinaceum yielded kaempferol 3-glucoside, quercetin 3-rhamnoside, quercetin 3-glucoside and quercetin 3-rhamnoglucoside. Interestingly, their results showed that this species lacked flavonoid aglycones in the exudates, a rare occurrence among the Asteraceae [27] .
In this review, the distribution of the flavonoids and phenolic acids in eleven members of Silphium is compared with Clevinger's DNA and morphologybased revision of the genus. The findings discussed in this paper are based on the eleven species [11] , S. albiflorum [25] and S. perfoliatum [10] . classification system proposed by Clevinger in 1999 [6] . The additional species, S. glutinosum [2] , was not investigated because the collection of leaf material and large-scale isolation of flavonoids and phenolic acids from Silphium species was completed before 2006. Figure 2 provides structures of the five flavonol triglycosides first isolated from Silphium asteriscus [11] , S. albiflorum [25] and S. perfoliatum [10] . The distribution of these compounds, namely, (5) are discussed in relation to Clevinger's DNA-based phylogenetic framework for Silphium. In addition, the distribution of several known mono and diglycosidic flavonoids isolated and identified from eleven species are also outlined.
The structures of the compounds were established by chemical methods and spectral analyses using 1 H NMR, 13 C NMR, HMQC, HMBC, ROESY, TOCSY, HPLC/UV and LC/MS techniques.
The Flavonoid Chemistry of Silphium section
Composita: The four species comprising section Composita showed the presence of various derivatives of the flavonols quercetin, isorhamnetin and kaempferol. Quercetin was common among all four species. Table 1 outlines the distribution of flavonoid glycosides isolated from leaf extracts of Silphium species including, the flavonoid triglycosides, compounds 1-5 ( Figure 2 ).
The LC-MS analysis of leaf extracts of Silphium section Composita detected between 8-10 flavonol glycosides in S. albiflorum, S. laciniatum and S. terebinthinaceum. The remaining species of Silphium section Composita, namely S. compositum, exhibited the lowest number of flavonol glycosides, with a total of five compounds detected. Of the five compounds, detected in S. compositum, which is considered the basal lineage of Section Composita based on DNA sequence data [9] , four of these compounds contain Table 1 : The distribution of flavonoid glycosides in leaf extracts of eleven species of Silphium, including flavonoid triglycosides previously isolated and fully characterized from S. albiflorum [11] , S. asteriscus [25] and S. perfoliatum [10] (compounds 1-5). Flavonoids are arranged according to their biosynthetic sequence. Sugar names are abbreviated using first three letters as follows: glu=glucose, gal=galactose, api=apiose, rha=rhamnose, rob=robinobioside, rut=rutinoside. Species are arranged according to Clevinger and Panero's.strict consensus tree based on ITS and ETS DNA sequence data for Silphium [6] . Species names are abbreviated as follows: ALB= S. abliflorum, AST= S. asteriscus, BRA= S. brachiatum, INT= S. integrifolium, LAC= S. laciniatum, LIN= Lindheimera texana, MOR= S. morhii, TER= S. terebinthinaceum, WAS= S. wasiotense. quercetin as an aglycone, while the remaining flavonoid is a kaempferol glycoside, indicating that quercetin glycosides probably represent the ancestral state of flavonoid composition in these taxa.
LC-MS analysis of leaf extracts of species in
Silphium section Composita exhibited a greater number of isorhamnetin and quercetin glycosides than kaempferol glycosides. Compared with Silphium section Silphium, isorhamnetin glycosides are far more abundant and diverse in Silphium section Composita. Similar to the pattern observed in Silphium section Silphium, quercetin 3-O-β-Dgalactopyranoside was the only flavonol glycoside detected in all species from Silphium section Composita, demonstrating the conserved nature of the genes underlying the metabolism of this compound.
The quercetin triglycoside (2) , was detected in the species S. albiflorum and S. compositum but not in S. laciniatum or S. terebinthinaceum. The fact that this compound was detected in S. compositum suggests that the gene for this triglycoside may exist among all four species in section Composita being activated upon environmental and or ecological stimuli.
S. albiflorum and S. terebinthinaceum contained more derivatives of the flavonol isorhamnetin than found in any other species in the genus. Silphium albiflorum, S. compositum and S. terebinthinaceum all shared the isorhamnetin compound, isorhamnetin 3-O-α-L-rhamnosyl (1'''→6'')-O-β-D-galactopyranoside with S. albiflorum and S. terebinthinaceum both containing two additional isorhamnetin flavonols. Clevinger and Panero's molecular studies of Silphium section Composita established that Silphium albiflorum descended from and is a sister species to S. laciniatum. In addition, their phylogenetic analyses also clarified that both species, S. albiflorum and Flavonoids and phenolic acids of the genus Silphium Natural Product Communications Vol. 4 (3) 2009 439 S. lacinatium, shared a common ancestor with S. terebinthinaceum and S. compositum (Figure 1 ).
For example, Silphium albiflorum and S. laciniatum both contained the monosaccharides quercetin 3-O-β-
galactopyranoside and the recently isolated triglycosidic compound (1) [10] . The triglycoside (2) was detected in both Silphium albiflorum and S. compositum but not in S. laciniatum.
The pentose glycoside apiose was prevalent among the quercetin flavanols for all four species.
Silphium albiflorum and S. terebinthinaceum showed a similar pattern of isorhamnetin mono and disaccharide derivatives.
Silphium compositum shared the isorhamnetin disaccharides isorhamnetin
terebinthinaceum. The detection of the less common, highly polar triglycosidic compounds found in S. albiflorum, S. laciniatum and S. compositum were not detected in S. terebinthinaceum.
The Flavonoid Chemistry of Silphium section
Silphium: The LC-MS analysis of leaf extracts of S. asteriscus detected a total of 13 flavonol glycosides, the greatest number of flavonoids detected in all species examined (Table 1) . Of eleven species, LC/MS detection of compound 3 was specific to S. asteriscus. S. asteriscus shared the isorhamnetin triglycoside (1) with the species S. brachiatum, S. integrifolium, S. mohrii and S. wasiotense. Five additional known quercetin flavonoids were also detected (Table 1) .
Silphium asteriscus also exclusively shared the isorhamnetin monoside isorhamnetin 3-O-β-Dglucopyranoside with S. brachiatum. In addition to the isorhamnetin compounds above, S. asteriscus also shared the new quercetin triglycoside (2), with the species S. integrifolium, S. mohrii and S. radula.
The LC-MS analyses of leaf extracts of S. integrifolium, S. morhii, S. perfoliatum, S. radula and S. wasiotense showed approximately the same number of flavonol glycosides, ranging from 7-10 total peaks detected. Of the remaining species in Silphium section Silphium, S. brachiatum showed the fewest number of flavonol glycosides, with only four compounds detected. Silphium brachiatum contained the kaempferol triglycoside (4) along with the species S. mohrii, S. perfoliatum and S. radula. Silphium integrifolium, S. perfoliatum and S. mohrii contained the greatest number of kaempferol mono and triglycosides in the genus.
Silphium perfoliatum and S. wasiotense exclusively contained the kaempferol caffeic acid triglycoside (5) . Overall, derivatives of the flavonol kaempferol were detected in greater numbers among species in section Silphium than in the species of section Composita. Also, extracted exclusively from the species of section Silphium were the newly isolated kaempferol triglycoside (4) and its caffeoyl ester (5) . S. perfoliatum contained the greatest number of kaempferol glycosides (totaling 7 compounds), including the unusual triglycosides, compounds 4 and 5, but no isorhamnetin glycosides.
Isorhamnetin glycosides were the least common flavonoids detected in Silphium section Silphium whereas, quercetin and kaempferol glycosides were more abundant and showed a wider distribution between the species studied. Quercetin 3-O-β-Dgalactopyranoside was the only flavonol glycoside detected in all species from Silphium section Silphium.
Phenolic Acids in leaf extracts of Silphium
Species: Complex mixtures of benzoic and cinnamic phenolic acids were detected in leaf extracts from eleven species in the genus Silphium using HPLC/UV analyses ( Table 2 ). The constitutive pattern of expression for both benzoic and cinnamic acid derivatives in Silphium species revealed by our HPLC/UV analyses of phenolic acids in leaf extracts of Silphium (Table 2) does not provide a strong chemosystematic signal. However, the observed patterns demonstrate the ubiquitous presence of phenolic compounds in these taxa.
Leaf extracts of the eleven Silphium species were used in the quantification of the varying phenolic acid compounds. Known quantities where extracted Table 2 : Distribution of phenolic acids in leaf extracts of eleven species of Silphium. "+" indicates compounds detected in leaf extracts while "-"" indicates compounds not detected. Species are arranged according to Clevinger and Panero's strict consensus tree based on ITS and ETS sequence data for Silphium [6] . Species names are abbreviated as follows: ALB= S. abliflorum, AST= S. asteriscus, BRA= S. brachiatum, INT= S. integrifolium, LAC= S. laciniatum, LIN= Lindheimera texana, MOR= S. morhii, TER= S. terebinthinaceum, WAS= S. wasiotense.
Within the genus, three of the four species in Silphium section Composita, namely S. albiflorum, S. laciniatum and S. terebinthinaceum, were higher in total phenolic acid concentration than the other species in the genus. Only S. integrifolium from section Silphium contained similar amounts.
The yield of total phenolic acids was greater for the species in section Composita than those in section Silphium. The concentrations of the benzoic acids were clearly section specific with greater total amounts belonging to species in section Composita. For the cinnamic acids, the numbers of individual acids were more diversified, and higher total concentrations of these acids were also detected in section Composita.
In section Composita, among the hydroxybenzoic acids, ethyl acetate extracted a greater variety of phenolics while ether extracted larger total concentrations. Among the cinnamic acids, ether extraction provided for both a wider number and far greater concentration of phenolic acids. These acids included caffeic, hydrocaffeic and ferulic acids.
Ether extraction of S. terebinthinaceum and S. albiflorum yielded the highest amounts of hydrocaffeic acid while S. laciniatum provided higher concentrations of ferulic acid. Large amounts of m-coumaric acid were also obtained from the latter species; however more caffeic, chlorogenic and p-coumaric acids were recovered using ethyl acetate.
Of the nine benzoic acids identified, higher concentrations of six were detected in ether. S. radula and S. integrifolium produced the highest phenolic acid concentrations with 0.42 mg/100g and 0.35 mg/100g respectively. In regards to the hydroxycinnamic acid concentrations collected in the using two solvent systems, ether or EtOAc, and their amounts measured against calibration curves created from industrial purchased standards (Figure 3 ).
Seven species of section Silphium, S. radula produced the highest concentration consisting mostly of hydrocaffeic acid. S. integrifolium also contained moderate amounts of rosmarinic, p-coumaric and hydrocaffeic acids. Notably among the total phenolic yields from Silphium section Silphium was the similar amounts extracted from S. perfoliatum and S. wasiotense. Although phenolic acids diverged early down several biophysiological pathways, in the genus Silphium their distribution among these eleven species supports Clevinger's revision.
These findings also suggest that these species may represent new commercial sources of phydroxybenzoic compounds. From section Silphium, S. perfoliatum and S. wasiotense contained similar total yields of the eighteen phenolic acids sampled, although S. mohrii contained closer extractable amounts to the former species than that of S. integrifolium. It may be that the isolation and identification of the glycosylated forms of these phenolic acids leads to greater taxonomic relevance especially involving section Silphium. These data support Clevinger's systematic revision providing comparative similarities between both types of hydroxy phenolic acids isolated in each of the two Silphium sections. 
Extraction and isolation:
Approximately 1 kg of dried leaves from each species were extracted using an initial mixture of CH 2 Cl 2 /MeOH (1:1), MeOH and MeOH/H 2 O (1:1), by cold percolation at room temperature. For the species S. laciniatum and S. terebinthinaceum a 50 g sample of dried leaf material was used. The combined methanolic and aqueous methanolic extracts were subjected to initial fractionation on a polyamide column, followed by repeated column chromatography on Sephadex LH-20 as well as RP-C 18 , to yield the flavonoids. Identification of all of the flavonoids employed as standards from both S. albiflorum, S. asteriscus and S. perfoliatum were achieved by standard procedures outlined by Dr. Mabry and others including acid hydrolysis and spectral analysis (1D and 2D NMR, MS, UV) [29] [30] [31] [32] . In some analyses, LC-MS n with post-column manganese complexation was utilized [29] .
Column chromotography was performed using both Polyamide (ICN Biomedical GmbH) and Sephadex LH 20 (Fluka). HPLC analysis were run using 
LC-MS:
LC-MS conditions included approximately 0.1 mg of the mixture of compounds dissolved in 0.5 mL methanol. HPLC analysis was performed using an Alliance 2690 HPLC system (Waters, Milford, MA). The separation was performed on a Waters Symmetry C 18 , (2.1 x 50 mm x 3.5 µm) column and guard column, with a flow rate of 0.3 mL/min, and injection volumes of 10-40 µL. The mobile phases were solvent A (water with 0.33% formic acid) and solvent B (acetonitrile with 0.33% formic acid). An isocratic separation method was used, holding the mobile phases at (86:14) A:B for 16 minutes. The column effluent was monitored by a UV detector at 280 nm, then lead without splitting into a LCQ Duo quadrupole ion trap mass spectrometer (ThermoFinnigan, San Jose, CA) equipped with electrospray ionization (ESI) source. The mass spectrometer was operated in negative ion mode in order to identify the aglycone portions of the unknowns. The following parameters were used: spray voltage, -4.5 V; sheath gas, 20 units; auxiliary gas, 5 units; heated capillary temp., 200˚C; capillary voltage, -45 V; tube lens offset, -45 V [29] . The analysis was run in positive mode with 500 µM MnCl 2 dissolved in methanol added at 20 µl/min via mixing between the UV detector and the mass spectrometer. The spray conditions were the same with the following exceptions: spray voltage, +4.5 kC; capillary voltage, +44 V; tube lens offset, +35 V.
Reversed Phase HPLC/MS/MS Tandem mass spectrometry was carried out using a micro-capillary gradient LC system (1100 series, Agilent Technologies, San Jose, CA) on-line with an Esquire-LC ion-trap (Bruker Instruments, Bellerica, MA). A reverse phase C 18 MS column (Vydac 218 MS 3.1505, 150 um x 5 cm, purchased from the "Nest Group") was initiated at a flow rate of 2 um/minute. Mobile phase A consisted of 0.1% formic acid, 0.01% trifluoroacetic acid in LC grade water with mobile phase B consisting of 0.1% formic acid, 0.01% trifluoroacetic acid in LC grade water/acetonitrile (10/90) in gradient mode. The column was equilibrated at 5% phase B with the gradient starting at time 0 minutes at 5% phase B, increased to 95% phase B in 56 minutes, followed by an increase to 100% phase B in 2 minutes. Here it was held at 100% phase B for 4 minutes, followed by a gradual decrease to 5% phase B within 3 minutes. A total separation time of 65 minutes was applied. The effluent from HPLC separations was introduced on-line into the orthogonal Esquire-LC electrospray source. The ion spray experiment was performed in positive mode at +4000 V, end plate offset was -500V. Ions were scanned from 50 to 1500 m/z, the nebulizer gas was set to 23.0 psi, the dry gas to 7.00 L/min and the drying temperature at the capillary entrance was 150°C. Capillary exit was set to 76.1 V, skimmer 1 at 26.1 V, trap drive to 58, an average of 3 spectra were acquired over a time period of 100 ms, the collision gas was helium, and MS/MS experiments were performed in the auto mode.
Acid Hydrolysis: Acid hydrolysis was performed using a solution of each compound in 1% aqueous HCl and heating for 90 minutes. The mixture was extracted in Et 2 O to obtain the aglycone. The remaining aqueous layer was neutralized and the released sugar moieties determined. The Et 2 O and aqueous fractions were concentrated and dried for identification (TLC, systems 4 and 5).
Phenolic Acid Analyses:
The plant samples for the phenolic acid analyses for eleven Silphium species were collected in July 2002. The dried leaves were crushed and extracted in methanol and water (1:1) three times over a 72 hour period. The crude aqueous extract was filtered using 12.5 cm MFS Qualitative filter paper and the extract was evaporated to dryness. A 50 g dried crude extract from each species was re-suspended in 50 mL of H 2 O and then defatted using 50 mL of n-hexane four times followed by two 50 mL increment/washings with chloroform. The organic and water layers were further divided using a standard 1.0 liter separating funnel. The organic layer was concentrated and analyzed by thin layer chromatography and no detectable amounts of phenolic acids were observed. The acids were extracted from the 50 mL water layer on addition of 3-4 liters of ether and then approximately the same volume of EtOAc. The final purification of each ether and EtOAc sample was performed using Waters 6cc C 18 solid phase silica gel cartridges. Both the ether EtOAc dried samples were weighed and divided in half, with one half of each sample separated for further TLC examination and the remaining portion for HPLC analysis. HPLC qualitative injection from each of the samples was performed and an applied quantitative approach was followed in comparing the proportions of each phenolic acid separated. Standard dilutions from 0.01 mg/mL to 0.025 mg/mL provided the calibration curves measuring the absorbencies common for phenolics λ 280 and λ 254.
The phenolic acids were analyzed using 50% methanol HPLC/UV elution spectroscopy.
The phenolics were eluted in a process using a C 18 reverse-phase column by gradient analysis in 1.25% acetic acid and filtered using HPLC grade water (buffer A) and acetonitrile (buffer B) (0 min, 8% buffer B; 0.5 min, 11% buffer B; 50.5 min, 12% buffer B; and 61 min, 40% buffer B) as the mobile phase for recoveries were obtained for simultaneous determination of the phenolic compounds. This method was used for the material from eleven Silphium species including the ether and ethyl acetate extracts and all samples were measured at wavelengths λ 280 and λ 254.
The phenolic acid standards, chlorogenic, hydrocaffeic, isovanillic, m-coumaric, p-coumaric and protocatechuic, were purchased from Sigma (MO, USA). Gallic and sinapic acids were obtained from Roth (Germany). The water and acetonitrile were both HPLC grade. The stock solutions for each standard were prepared at a concentration of 1.0 mg/mL in methanol and stored at 2°C in darkness. Working dilutions were prepared in HPLC grade methanol and water. Calibration curves aided in the statistical analysis for the injections-thus the linear ranges for the curves are given as maximum and minimum values.
Analytical grade solvents were used for HPLC, UV and all NMR analysis. Commercial standards of kaempferol 3-O-glucoside and isorhamnetin 3-O-glucoside were purchased from Indofine (Somerville, NJ). The standards were dissolved in MeOH and stored in the dark at 4°C. Manganese (II) chloride was purchased from Aldrich (Milwaukee, WI).
